Purpose of Review The ability of viruses to infect host cells is dependent on several factors including the availability of cellsurface receptors, antiviral state of cells, and presence of host factors needed for viral replication. Here, we review findings from in vitro and in vivo studies using mammalian orthoreovirus (reovirus) that have identified an intricate group of molecules and mechanisms used by the virus to attach and enter cells. Recent Findings Recent findings provide an improved mechanistic understanding of reovirus cell entry. Of special note is the identification of a cellular mediator of cell entry in neuronal and non-neuronal cells, the effect of cell entry on the outcome of infection and cytopathic effects on the host cell, and an improved understanding of the components that promote viral penetration of cellular membranes. Summary A mechanistic understanding of the interplay between host and viral factors has enhanced our view of how viruses usurp cellular processes during infection.
Introduction
As obligate intracellular parasites, viruses depend on their host to replicate and spread. Viral tropism for specific cells, tissues, and hosts is determined by the presence and accessibility of host factors the virus needs to replicate. The outcome of infection is also influenced by the ability of the host to mount an antiviral response to infection. Viruses differ in the specific host molecules used to infect cells and how they evade host immune pathways. However, general principles used by viruses to take over host cells are conserved: viruses attach and enter cells, cross the cellular lipid bilayer, deliver viral nucleic acid to an intracellular site, usurp cellular factors for replication, and exit. Understanding the host and viral factors that promote or mitigate viral infection is essential for the development of efficacious antiviral therapeutics and the engineering of improved viral vectors for gene delivery and oncolytic purposes.
The Reoviridae are a family of non-enveloped, doublestranded RNA (dsRNA), segmented viruses initially isolated from the stools of children in the 1950s [1, 2] . Reovirus is an acronym for respiratory enteric orphan virus [3] . Members of the Reoviridae include rotavirus, the most common cause of pediatric gastroenteritis [4] , bluetongue virus, an economically important arthropod-transmitted virus that causes disease in ruminants [5] , and mammalian orthoreovirus (reovirus), which infects humans, although disease is restricted to the very young [3, 6] . Serological studies have shown that most humans are exposed to reovirus during childhood, with 35% of children under a year old and approximately 60% of children aged 11-19 years being seropositive for reovirus antibodies [7] . Despite the presence of reovirus-specific antibodies, the majority of reovirus infections in humans are asymptomatic. Reovirus-associated symptoms include coryza, pharyngitis, cough, and gastroenteritis [8, 9] and virus infection has been associated with neonatal biliary atresia [10] . Reovirus is also associated with the development of celiac disease by promoting loss of tolerance to dietary antigens [11••] . Reovirus studies in mice have enhanced our understanding of how the virus disseminates from primary sites of replication [12, 13, 14•, 15, 16] , illustrate the importance of the innate and adaptive immune responses in controlling infection [17] [18] [19] [20] , and revealed the importance of the gut microbiota in reovirus infection of the gastrointestinal tract [21] .
The reovirus particle is 85 nm in diameter and is composed of two concentric capsid shells that contain 10 dsRNA gene segments [22, 23] . Reoviruses contain three large segments (L1, L2, and L3), three medium segments (M1, M2, and M3), and four small segments (S1, S2, S3, and S4) that encode 11 viral proteins, with the S1 gene segment encoding two viral proteins [3] . Three reovirus serotypes have been identified (T1, T2, and T3) based on antibody-mediated neutralization and hemagglutination inhibition (HAI) assays [3] . Four parental viruses isolated in the 1950s from human stool samples [2] , type 1 Lang (T1L), type 2 Jones (T2J), type 3 Abney (T3A), and type 3 Dearing (T3D) are commonly used as parental strains. A plasmid-based reverse genetics system for T1L and T3D reoviruses allows facile manipulation of their genome and has enabled studies to understand the contribution of specific viral components to reovirus biology [24] .
In neonatal murine animal models, reovirus infection via oral or respiratory routes results in primary infection of the gut or lungs followed by dissemination to secondary sites of replication [3, 16] . The brain, heart, liver, and spleen all support viral replication and are sites of secondary viral replication [3, 12, 16] . Dissemination from the intestine occurs via neural and hematogenous routes, depending on the viral strain [13, 16] . Following oral inoculation, T1L spreads via hematogenous routes, infects ependymal cells in the brain, and causes nonlethal hydrocephalus [15] . T3D spreads via hematogenous and neural routes, infects neurons, and causes lethal encephalitis [13, 15, 16] . These serotype-dependent differences in tropism are linked to the S1 gene segment-encoded σ1 protein [25, 26] . Viral-induced disease is limited to neonatal mice. Reovirus replication in the brains of 7-10-day-old mice is limited and these mice have decreased mortality. Reovirus infection of adult mice results in poor viral replication at primary sites of infection, little dissemination to secondary sites, and little to no mortality [27, 28] . Adult mice with an impaired type I interferon response or those lacking B and T cells are susceptible to reovirus-induced disease, suggesting that these components of the immune system are important to limit reovirus-induced pathogenesis in adult animals [18, 29, 30] . In this review, the focus is on how host and viral molecules interact during virus cell entry and how modulation of these steps affects the outcome of reovirus infection.
Attachment to the Cell Surface
The process of reovirus cell entry involves attachment to target cells via a strength-adhesion mechanism whereby the virus attaches to cells by low-affinity interactions with cell-surface carbohydrate followed by strong-affinity interactions with cell-surface proteinaceous receptors. Virions are then internalized via receptor-mediated endocytosis, uncoated by endosomal proteases, resulting in the release of the transcriptionally active viral core into the cytoplasm where viral nucleic acid is delivered. Successful viral entry requires an intricate interplay of host and viral factors. Host innate and adaptive antiviral factors target specific steps in the cell entry process to inhibit infection ( Fig. 1) .
Reovirus attachment to cells occurs via interactions of the S1-encoded reovirus attachment fiber σ1 to cell-surface carbohydrates [31] . Both T1 and T3 reoviruses bind sialic acid, although they do so through different regions of the σ1 protein [32••, 33, 34] . T1 reovirus agglutinates human and nonhuman primate erythrocytes, whereas T3 reovirus agglutinates erythrocytes from various mammalian species [35, 36] , suggesting these serotypes engage different glycans. Glycan array screening revealed that T1 reovirus binds GM2 glycan, whereas T3 reovirus binds various sialylated glycans [32••, 33, 34] . Glycan binding by reovirus dictates viral tropism and spread in vivo. T1 reovirus that is deficient in GM2 binding does not infect ependymal cells as efficiently and induces substantially less hydrocephalus in infected animals than wild-type reovirus [37•] . T3 reoviruses that are deficient on sialic acid binding are impaired in their ability to disseminate from the intestines to secondary sites of viral replication and replicate to lower titers in the spinal cord and brains of infected animals [38, 39] . Monoclonal antibodies that neutralize T1 and T3 reovirus infection by binding sites on σ1 also impair T1 and T3 hemagglutination of erythrocytes, suggesting they impair T1 and T3 glycan binding [40] . Together, these studies highlight the role of low affinity binding of cell-surface carbohydrates to reovirus infection and reovirus-mediated pathogenesis in small animal models.
Junctional Adhesion Molecule-A, a Reovirus Proteinaceous Receptor
Following attachment to carbohydrate, reovirus engages a proteinaceous receptor, junctional adhesion molecule-A (JAM-A) [41] . JAM-A is an immunoglobulin superfamily protein that localizes mainly to cellular tight junctions [42] . All three reovirus serotypes bind JAM-A through the head domain of attachment fiber σ1 and reovirus structural protein μ2 affects the efficiency of the interaction between the virion and JAM-A through an unknown mechanism [41, [43] [44] [45] . Also, some rotavirus strains also use JAM-A and other tight junction proteins as co-receptors for cell entry [46] . Whereas engagement of cellsurface carbohydrates is of low affinity, binding to JAM-A is of high affinity [44] . JAM-A binding does not mediate viral internalization, as deletion of the cytoplasmic tail of JAM-A, which includes a PDZ-binding domain that Fig. 1 Cell entry pathways used by reovirus. Three distinct cell entry pathways have been described for reovirus: 1 JAM-A dependent, 2 NgR1 dependent, and 3 ISVP cell entry. 1 Following attachment to the surface via cell-surface carbohydrate, reovirus binds JAM-A with high affinity and is internalized in a β1 integrin-dependent manner via clathrinmediated endocytosis. Activation of Src kinase targets reovirus to Rab5-marked early endosomes. Transport to Rab7-and Rab9-marked late endosomes and acidification in this compartment (depicted by white circles) promotes cathepsin-mediated disassembly of the viral particle, cellular membrane penetration, and release of the transcriptionally active core into the cytoplasm. 2 In cortical neurons and cells devoid of JAM-A, reovirus engages NgR1 and is internalized into cells. Reovirus may engage NgR1 through outer capsid protein σ3. The endocytic pathway used by the virus following NgR1 binding is not known but is presumed to be similar to that used following JAM-A binding. 3 ISVPs bind JAM-A and may be internalized in a β1 integrin-dependent manner. ISVPs traffic to Rab5-positive early endosomes where they induce membrane penetration in a cathepsinindependent mechanism and release of the transcriptionally active core into the cytoplasm. 4 Impairment of endocytosis results in abortive cell entry. The presence of IFITM3 in endosomes, inhibition of cathepsin activity, disruption of Rab GTPase function, inhibition of Src kinase activity, or genetic disruption of NPXY motifs in β1 integrin affect the endocytic sorting of reovirus and inhibit infection promotes binding of JAM-A to scaffolding proteins within tight junctions is dispensable for reovirus infection [47] [48] [49] . It is not known how reovirus gains access to JAM-A in tight junctions as reovirus infection does not appear to disrupt tight junction integrity during infection of polarized cells [50] . This is in contrast to group B coxsackieviruses, which enter cells by attaching to decay-accelerating factor (DAF) on the apical surface, promoting the disruption of tight junctions that allows virus access to the tight junction-resident coxsackievirus and adenovirus receptor (CAR) [51] . It is possible that reovirus engages pools of JAM-A not found in tight junctions or is transported to tight junctions without substantial disruption of cellular barrier integrity.
The role of JAM-A in reovirus infection in vivo has been determined through pan JAM-A and tissue-specific JAM-A knockout mice [12, 14•] . Although JAM-A is necessary for reovirus dissemination from the intestines and reovirusinduced disease, reovirus infection of the gastrointestinal tract is unaltered in JAM-A knockout animals [12, 14•] . Intracranial inoculation of JAM-A knockout animals does not affect virus replication in the central nervous system (CNS) [12] . The role of JAM-A in reovirus dissemination to secondary sites of infection was defined through the use of endothelial-specific and hematogenous-specific JAM-A knockout mice [14•] . Eliminating JAM-A expression from endothelial cells impaired reovirus dissemination from the gut. In contrast, lack of expression of JAM-A in hematopoietic cells did not alter reovirus dissemination. These data suggest that JAM-A is not required for infection of the gut or CNS, but essential for reovirus dissemination from the gut into the bloodstream through reovirus infection of JAM-Aexpressing endothelial cells.
During reovirus infection of the gut, the virus binds and is taken up by microfold (M) cells [52•, 53] . Interestingly, during respiratory infection, reovirus also uses M cells to gain access to the lungs [54] . The virus does not actively replicate in M cells, but transits through these cells and infects M cell-adjacent enterocytes through the basolateral surface [52•, 53] . Reovirus antigen is also detected in the villus tips of infected animals [12, 13] , although it is unclear if this represents primary infection or sites of replication after the virus has trafficked through intestinal M cells. Moreover, the presence of host bacterial microbiota positively influences reovirus infection of the gut [21] . Although there is no direct evidence to show if JAM-A expression is necessary for reovirus infection of specific sites within the gut, the lack of an impairment on reovirus replication within the gastrointestinal tract in JAM-A knockout animals strongly suggests that infection of intestinal cells is JAM-A independent. The identity of the cellular receptor that promotes reovirus infection of the gut is unknown.
Nogo Receptor 1
Reovirus infection of the CNS is JAM-A independent [12] . Through genome-wide RNAi screening, nogo receptor 1 (NgR1), a glycosylphosphatidylinositol (GPI)-anchored protein that is expressed on the cell surface of neurons, was shown to mediate infection of primary murine cortical neurons as well as HeLa cells and Chinese hamster ovary (CHO) cells [55••] . Expression of NgR1 in trans enhances reovirus attachment to cells and NgR1-specific antibodies impair reovirus attachment and infectivity of CHO cells. Reovirus infection of primary murine cortical neurons lacking NgR1 and infection in the presence of NgR1-specific antibodies is severely impaired, suggesting that NgR1 is key for productive infection of neurons. Interestingly, in vitro-generated infectious subvirion particles (ISVPs) that lack the σ3 structural protein but contain the σ1 attachment fiber are unable to infect NgR1-expressing CHO cells. These data indicate that NgR1 mediates reovirus infection of a subset of cells in the CNS and that engagement of NgR1 by reovirus occurs either through the σ3 structural protein or a specific conformation of the σ1 attachment fiber found in virions. NgR1 expression in the CNS mirror sites that are susceptible to T3 reovirus infection, including the thalamus, middle and outer layers of the cerebral cortex, the CA3 region of the hippocampus, and cerebellar Purkinje cells [12, 56] . Whether NgR1 is essential for infection of the CNS in vivo, how it affects reovirus pathogenesis by T1 and T3 reoviruses, and how it affects reovirus infection at other sites besides the CNS remain to be determined.
Reovirus Internalization
Following attachment to cell-surface carbohydrate, JAM-A, and NgR1, reovirus is internalized by receptor-mediated endocytosis. Endocytosis in some cells is dependent on β1 integrin [48, 57] , although it is unclear if the virus directly or indirectly engages β1 integrin or if the virus utilizes signaling from β1 integrin to promote endocytosis. The viral core protein λ2 has conserved RGD and KGE integrin-binding motifs that are solvent exposed in the virion [56, 58] . However, it is not known if these motifs mediate direct interaction with β1 integrin or if they have another function during reovirus infection. Although the cytoplasmic tail of JAM-A is dispensable for reovirus internalization [47] , NPXY motifs found in the cytoplasmic tail of β1 integrin are necessary for efficient infection and internalization [57] . NPXY motifs have been shown to mediate the association of β1 integrin with the actin cytoskeleton and regulate integrin signaling [59] . Several rotavirus strains use integrins to infect cells [60] , suggesting a conserved mechanism exploited by the Reoviridae. The exact signaling events and molecules recruited to the site of viral entry triggered by the engagement of integrins by reovirus are not well defined.
Reovirus endocytosis is primarily dependent on clathrin [57, 61] . However, there is mounting evidence that other mechanisms are involved in the cellular uptake of the virus, including dynamin-dependent and dynamin-independent mechanisms [57, 62] . Following internalization, the virus is transported through Rab5-positive early endosomes to Rab7-and Rab9-positive late endosomes where cathepsin proteases perform acid-dependent proteolysis of the viral particle [63] [64] [65] [66] [67] . JAM-A is observed in the same endosomal compartments as reovirus during cell entry [67] . Viral particles are also observed in slow and fast recycling compartments, but impairment of these compartments does not diminish reovirus infectivity [67] . It is unclear if virus present in recycling compartments is recycled to the cell surface where it may re-initiate cell entry or if this compartment is a non-productive cell entry route. It is possible that virions that end up in the recycling compartment define a subset of viral particles that failed to induce the necessary molecules or signaling events needed for productive cell entry.
Different reovirus particle types use distinct endocytic entry routes which affect the fate of the infected cell. Whereas virions must traverse through early and late endosomes to productively infect cells, in vitro-generated ISVPs enter cells by engaging cell-surface carbohydrate and JAM-A, followed by receptor mediated endocytosis, and transport to early, but not late, endosomes [41, 62, 66, 68] . During the natural course of infection, ISVPs are generated during the endocytic transport of virions through the endosomal system by cathepsin cleavage of the viral particle presumably in late endosomes [64, 69] . As ISVPs have been proteolytically digested, infection with extracellularly-produced ISVPs is able to bypass the need for cathepsin-mediated digestion of the virion to promote membrane penetration. In vivo, ISVPs are generated in the intestinal lumen by resident proteases and are thought to be the type of viral particle that enters M cells in the gut [70] . In intestinal epithelial cells, the alternate endocytic transport route taken by ISVPs yields a dampened innate immune response and induction of a pro-survival state through TGF-β production [71•] . In contrast, infection of intestinal epithelial cells with virions strongly activates the innate immune response and results in significant levels of cell death [71•] . These data indicate that the route of infection can greatly affect not only the fate of the incoming virion, but also the ultimate outcome of infection. It remains to be determined if ISVPs infect other cells beyond those in the gut during in vivo infection and whether prosurvival pathways are induced following reovirus infection of the intestines.
Engagement of several host factors beyond cell-surface carbohydrate, JAM-A, NgR1, and β1 integrin are important for efficient reovirus cell entry. Src kinase, the prototype member of the Src family of kinases, is activated and colocalizes with reovirus virions during cell entry [72] . Infection in the presence of a Src kinase inhibitor or infection of cells that are devoid of Src kinase results in the aberrant transport of reovirus to lysosomes [72] . The activation of Src family kinases is also used by coxsackievirus B following engagement of DAF [51] , suggesting this is a conserved mechanism used by viruses to productively enter cells. In the context of coxsackievirus infection, Fyn kinase activation promotes actin rearrangement that is needed for the transport of virions to tight junctions and subsequent internalization by caveolin-mediated endocytosis [51] . In contrast to coxsackievirus, Src activity does not affect the overall internalization of reovirus. How reovirus activates Src and the downstream factors modified by Src that promote reovirus infection are not known.
Other molecules that modulate reovirus infection at the cell entry step include serotonin receptors (5-HTR) and the interferon-inducible transmembrane protein 3 (IFITM3) [73, 74] . Inducing 5-HTR signaling with the agonist 5-nonyloxytrymptamine (5-NT) impairs reovirus infection, whereas antagonizing 5-HTRs enhance infectivity [74] . Treatment of cells with 5-NT impairs reovirus infection by affecting cell entry kinetics through disruption of early endosome localization [74] . The effect of 5-NT is not reovirus specific, as infection with the alphavirus chikungunya virus and the coronavirus murine hepatitis virus (MHV), both of which use early endosomes to enter cells, was impaired by 5-NT [43, 75, 76] . The interferon-inducible IFITM3, which localizes to late endosomes, restricts infection of reovirus virions but not ISVPs [73] . IFITM family of proteins has been shown to restrict infection of coronaviruses, filoviruses, and influenza virus at a step involving late endosomes [77, 78] . As such, the late endosomal compartment appears to be a bottleneck where the host has evolved mechanisms to antagonize virus infection by a variety of viruses.
Membrane Penetration
Reovirus access to the late endosomal compartment results in the proteolytic disassembly of virions by cathepsins B, L, and S [63, 65, 79, 80] . Cathepsin proteolysis is also used during Ebola virus entry [81, 82] and severe acute respiratory syndrome coronavirus (SARS-CoV) utilizes cathepsins to process its glycoprotein prior to fusion with the cell membrane [83, 84] . Cathepsin cleavage in late endosomes give rise to ISVPs, which are characterized by the loss of the outer capsid protein σ3, conformational changes in σ1, and cleavage of the major capsid protein μ1 [3] . Although the low pH environment of the late endosome is essential for cathepsin activity [69] , artificially lowering endosomal pH is detrimental to reovirus infection [85] . These data suggest that reovirus disassembly kinetics are perfectly orchestrated to use both the lower pH environment of late endosomes and the proteolytic activity of cathepsins. Cleavage of the μ1 protein releases an Nterminally myristoylated fragment that associates with cellular membranes and is capable of pore formation [86, 87] . The interaction of the μ1 cleavage fragment with lipid membranes not only drives pore formation, but also affects the disassembly of the viral particle [88, 89] . Besides cathepsins, the cellular chaperone Hsp70 participates in reovirus cell entry by removing residual μ1 fragments from virions [90] . It is unclear if Hsp70 activity also promotes the transport of the virion across the endosomal membrane. The cell entry process culminates with endosomal membrane penetration by a transcriptionally active viral core that delivers viral transcripts in the cytoplasm of host cells [3] .
Conclusions
Studies on reovirus cell entry have shown an intricate process used by the virus to attach to host cells, trigger endocytic events that culminate with membrane penetration by the viral particle, and release of viral nucleic acid into the cytoplasm of cells. It is revealing that a variety of viruses, from reovirus to coronaviruses, picornaviruses, and filoviruses, have evolved to use similar molecular mechanisms to gain entry into their host. This highlights the importance of studies of host and pathogen interactions, as they are likely to illuminate mechanisms used by several viruses and provide valuable insights for the development of antiviral therapeutics.
